This paper deals with the question of a polarity standard for multicomponent seismic data. This is intended to cover a hydrophone component and three geophone components, so land 3C and streamer seismic could be considered to be special cases. Recommendations or guidelines are given on how to proceed, both in acquisition and preprocessing, in order to arrive at a given polarity for any particular data component. The basis of this standard is the SEG polarity standard, first enunciated by Thigpen et al. (1975) . The present recommendations are actually for a field-recording and preprocessing standard, rather than a final-display polarity standard. One primary objective is an internally consistent system of polarity specifications, encompassing all of the recorded components, in order to facilitate consistent horizon correlation among these datasets.
Introduction
The concept of polarity, being binary in nature, is a simple one on the surface -but deceivingly so. The issue of polarity involves a number of separate considerations that very often are interrelated and compound each other, so that a binary question can quickly become a 2 n problem.
The concept of phase, however, is not binary in nature but continuously varying. So a polarity convention for data beyond the preprocessing stage, e.g. for final display, is an elusive concept as processing modules can alter wavelet phase in complex ways (see e.g. Roden and Sepúlveda, 1999) . Nonetheless, the concept of instrument-recording or preprocessing polarity, considered throughout this paper, has definite relevance and has served a valuable practical purpose in exploration seismology.
There are other separate factors that can affect the appearance of a reflection arrival but which are not directly involved in the polarity considerations mentioned above. For example, reflection coefficient varies with angle of incidence, so the reflection coefficient of a rock interface that has a downward increase of acoustic impedance, or positive reflection coefficient at normal incidence, could change sign at some offset. So this reflection could appear to have negative polarity over a certain offset range. This is really an AVO (amplitude-versus-offset) issue rather than a polarity one. Here, I tacitly assume near-normal incidence in speaking about signs of reflection coefficients.
The three fundamental questions that this paper addresses are:
(1) How should we acquire data in the field to ensure one or another (field) polarity?
(2) How should we preprocess seismic traces to ensure one or another (preprocessing) polarity? (3) For a particular dataset, prior to any phase-altering processing steps, how do we decide whether we have normal polarity or reverse polarity?
The SEG standard for impulse-signal polarity
In the absence of an agreement or convention, the decision as to what constitutes normal polarity on an output seismic section is an arbitrary one. There exists, however, a polarity standard, enunciated by the SEG, that is widely known, though not always so well understood. Many geophysicists are acquainted with the SEG polarity standard in the form stated by Sheriff (1991) : "1. The SEG standard for causal seismic data specifies that the onset of a compression from an explosive source is represented by a negative number, that is, by a downward deflection when displayed graphically…This standard is historically based, so that refraction first arrivals break downward. A reflection indicating an increase in acoustic impedance or a positive reflection coefficient also begins with a downward deflection. 2. For a zero-phase wavelet, a positive reflection coefficient is represented by a central peak, normally plotted black on a variable area or variable density display…This convention is called positive standard polarity and the reverse convention is negative standard polarity or reverse polarity. Polarity standards are not specified for wavelets other than minimum-phase or zero-phase ones..." Somewhat less familiar is the original statement of this standard as formulated by Thigpen et al. (1975) . The portion of that formulation that deals just with impulsesource systems says: "A signal voltage going initially in the negative direction shall be produced by (1) upward motion of the case of a seismic motion sensor, and (2) pressure increase detected by a pressure-sensitive phone. This negative-going initial signal voltage applied to the input of a recording system shall produce a (1) negative-going output of the recording system, (2) negative number on a digital tape, and (3) wavelet minimum or trough (downward kick) on a seismogram."
This original formulation provided a standard for verticalcomponent geophones only, since it specified "upward motion" of the sensor case, and for hydrophonesexplicitly. Sheriff's (1984 Sheriff's ( , 1991 subsequent statements of this standard, by using the terms "compression" and "acoustic impedance", restricted the standard to P-wave onsets. At the same time, this usage of "compression" implicitly included hydrophone data in the polarity standard, without mentioning such explicitly. Also, Sheriff (1991) attempted to come to grips with the conceptual difficulty in defining a final-display or processed polarity by restricting the standard to minimum-phase and zerophase wavelets. In what follows, it is often convenient to assume, without loss of generality, that we record minimum-phase wavelets so that we can characterize waves or wavelets in terms of their first motions.
Although these statements of the SEG polarity standard do not explicitly cover horizontal-component geophones and S-wave arrivals, it is only reasonable, in view of its worldwide familiarity, that this standard form the basis for, and be consistent with, any new polarity standard proposed to comprise multicomponent seafloor data.
Extending the SEG standard to other components
In a 4C seabottom seismic survey, this SEG standard is directly applicable only to the hydrophone component. It is not directly applicable to geophone data because it takes neither horizontal-component geophones nor downgoing waves into account. For example, on horizontal-component data we are usually trying to stack up shear-wave arrivals, which never constitute compressions, or dilatations for that matter. And it did not take account of the fact that the onset of a downgoing compression is recorded with the opposite sign to that of an upgoing compression on a verticalcomponent geophone (velocity data); whereas both upgoing and downgoing compressional onsets are recorded with the same sign by a hydrophone (pressure data).
A first step in this extension would be to define a threedimensional coordinate system so that we can name components, refer to these directions, and know which senses are positive or negative. In an SEG report on multicomponent vibrator acquisition standards, Brook et al. (1993) state that the SEG subcommittee on 3C orientation has recommended the following coordinate system: z: positive downward; x: positive in the forward direction of the seismic line; y: positive to the right, ninety degrees clockwise from the forward direction.
Nomenclature and notation
We use the terms inline and crossline for the two horizontal geophone components of a 2D line. In accordance with the SEG's recommendation, I denote these sensor components, respectively, by the symbols X and Y, and the verticalcomponent geophone as Z, consistent with normal Cartesian notation. I then define the displacement axes consistent with the proposed SEG polarity conventions for multicomponent systems (Brook et al., 1993) 
Vertical geophone
In seafloor multicomponent acquisition, apart from the fact that we have to consider downgoing as well as upgoing waves, the SEG polarity standard can virtually be taken as is and applied to the data of the vertical-component geophone (Z). The direct downgoing first-arrival P wave from a near-surface airgun array should be recorded with positive first breaks. Then upgoing P waves with compressional first motion reflected from positive reflectors will register with negative breaks.
Hydrophone
Hydrophone (W) data can be regarded in much the same light as data from vertical geophones. Consistent with the SEG polarity convention (Thigpen et al., 1975; Sheriff, 1991) , upgoing P waves with compressional first motion reflected from positive reflectors should register with negative breaks. But, unlike Z, a direct downgoing firstarrival P wave with compressional first motion should also be recorded with negative onsets. Commonly, however, the hydrophone field polarity has been set up the opposite way, and this should be reversed. 
Vertical-geophone records versus hydrophone records
One might think that the seismic sections produced from seafloor hydrophones and vertical geophones ought to be quite similar. However, there will always be essential differences between the two types of sensor, what they record and how they image. One essential difference, already mentioned, is that hydrophones record pressure, a scalar, while vertical geophones record only the vertical component of particle motion. They therefore record downgoing arrivals with opposite signs and upgoing P arrivals with the same sign (Figure 1) . A second essential difference lies in which of the incident, reflected and refracted phases register on the sensors. In the case of an upgoing P wave incident from below, and assuming perfect coupling of the receiver case, a vertical geophone will record the sum of the vertical components of the three waves in the seabed, shown in green (Figure 2) , that is, the incident and reflected P waves, and the reflected S wave. Given continuity of vertical displacement, this will be equal to the vertical component of the transmitted P wave propagating up through the water. A hydrophone, on the other hand, will record the scalar magnitude of this transmitted P wave in the water, shown in blue ( Figure 2) ; actually, its omnidirectional pressure.
A third and very important difference, though one that potentially could be overcome, is the fact that, in general, the two types of phone have different instrumental responses.
FIG. 2. P wave incident at seafloor from below: a hydrophone records the blue phase; a vertical geophone records the sum of vertical components of the green phases.
Horizontal geophones: initial considerations
For the inline geophone (X), polarity considerations are complicated by three factors. First, assuming approximately horizontal layering, traces recorded at positive offset have the opposite polarity to that of traces recorded at negative offset. Second, there is not a 100% consistent relationship between the signs of R PP and R PS (the P-P and P-S reflection coefficients) for a given lithologic interface. Third, although there are some partial recommendations from the SEG, a full-blown universally accepted polarity standard still does not exist for the horizontal components.
The change of polarity for positive versus negative offsets is well known and is a necessary early step in processing the inline component, often expressed as: 'reversing the polarity of the trailing spread'. The question should be asked, however: "To get normal polarity, should I reverse the polarity of the trailing or leading spread?" In order to answer this, one has to consider the signs of first breaks of reflection arrivals.
First it is necessary to establish what is meant by positive and negative phase, or positive and negative R PP and R PS . I am here following Aki and Richards (1980, 139) . In order to consider the relationship between the signs of R PP and R PS , I have computed reflection and transmission coefficients (in particular, R PP and R PS ) as functions of angle of incidence at the interface between two elastic media, one of which may be liquid. The results show that when R PP is positive, R PS is normally -but not alwaysnegative; and vice versa. One exception is shown here. 
Inline geophone
An upward propagating S wave, after conversion from P at an interface with a positive P-P reflection coefficient, preferably should give a negative break on the inline trace. If R PP /R PS normally is negative, we should arrange for this direct downgoing first break to be positive. This means that the polarity should be reversed on those inline traces that have negative onsets for the direct downgoing P wave. If offset is defined in the conventional way, as the distance vector from shot to receiver then polarity should indeed be reversed on inline traces at negative offsets.
Crossline geophone
For a flat seafloor, and assuming exactly correct acquisition geometry (geophone orientations, shot positions, receiver positions) there should not be any crossline component to the direct P wave. If in addition the geology is isotropic and laterally homogeneous (or with dip only in the survey direction), there should be no energy at all on the crossline component. In practice, this is never the case because of:
(1) imperfect acquisition geometry; (2) inhomogeneous media, particularly reflecting interfaces that show at least P P S P some dip in directions other than the survey direction, or (3) anisotropy in at least part of the section.
In the rare case where the data have been acquired with shooting lines significantly offset from receiver lines, or where virtually the entire sedimentary section has a large dip component in this direction, the principle would be the same as for the inline component. That is, we would want negative onsets for reflectors for which R PP is positive, that is, for which R PS is normally negative. So, the polarity of the direct downgoing P first breaks should be positive.
In other cases, one might try to determine the cause of any significant energy on the crossline component before deciding how to proceed. If one is sure that anisotropy is not a factor, one should compare corresponding reflections on the crossline and inline components. In cases where some significant arrivals may be due to azimuthal anisotropy, one should use the SEG field-polarity standard to keep track of the positive and negative senses of the x and y axes, as described above. Then one should flip crossline trace polarities exactly as was done for the inline traces. The processed crossline and inline sections should then be rotated to the fast and slow S-wave directions and the anisotropic analysis carried out.
A field polarity standard for multicomponent data
A multicomponent field-polarity standard consistent with Thigpen et al. (1975) and Brook et al. (1993) , should recommend that: 
Conclusions
To ensure a particular polarity on any one of the 4C sections (with some reservation for the crossline), we should make use of the known relationship for that component between the sign of the onset of the direct downgoing first-break P wave and the sign of the onset of reflections from interfaces having positive R PP or negative R PS . This should be done by looking at the first breaks of the direct downgoing P near zero offset. One should stay near zero offset to avoid other first arrivals than the direct P, mainly refractions through the seabottom. Confining oneself to common-receiver gathers is a good idea because each individual receiver will normally have the same recording polarity throughout a survey.
To ensure positive or normal polarity for the vertical (Z) component, this means ensuring that the direct downgoing P have positive onsets. For normal polarity on the hydrophone (W) component, the direct P should then have negative onsets. For many systems, this will mean flipping W polarity either instrumentally or in preprocessing. For normal polarity on the inline (X) component, the direct P should have positive onsets. This normally means flipping X polarity for negative offsets. The crossline component should be treated in the same way as the inline component.
In those cases where polarity has a meaning with regard to the crossline component -due e.g. to anisotropy, inhomogeneity, or asymmetric geometry -there are special considerations.
